Carbon dioxide (CO 2 ) has emerged as a very suitable refrigerant for Tracker cooling applications in highenergy physics. It has been successfully implemented in a two-phase pumped-loop cycle on three experiments at CERN. CO 2 -based cooling systems will continue to be used for the next generation of Silicon detectors at CERN. These next generation detectors will be much larger and will be operated at much lower temperatures than those considered so far and thus the cooling systems will need to be correspondingly upgraded. The numerical simulation tool developed at CERN to inform such an upgrade is presented here, together with the results of its validation carried out using experimental data generated with a purpose-built test setup.
Introduction
Silicon tracking detectors are used in high-energy physics to determine the path and momentum of the fundamental particles created in particle collisions inside particle detectors. The Silicon sensors used in these detectors are sources of heat that require an active cooling system for temperature regulation. Two-Phase Accumulator-Controlled Loop (2PACL) cooling systems using CO 2 as the working fluid (described in Section 2) have proven to be successful at dealing with the challenges of cooling Silicon detectors. 2PACL systems have so far been used on three detectors at CERN: the LHCb VELO [1] , the CMS Pixel detector [2] and the ATLAS IBL tracking layer [3] . The next generation of Silicon-based detectors for CMS and ATLAS will be installed during the LHC Long Shutdown 3 [4] . These new detectors will pose challenging requirements on the cooling system:
• Much larger cooling loads to be evacuated from each experimental volume: from a maximum of 15 kW previously considered up to a total of 500 kW; • Lower on-detector evaporating temperatures (as low as −40 • C); • An order of magnitude increase in the number of evaporator tubes operated in parallel (with potentially hundreds of parallel evaporator tubes), all requiring stable flow and all prone to flow oscillations and instabilities; • Operation of many plants in parallel, with requirements of redundancy being built into the system design; To meet these challenges, the 2PACL concept will require significant modifications. Since the CO 2 cannot be stored underground, it must be stored on the surface level and supplied to the cooling plants in the cavern on an as-needed basis. The control strategy will also require changes to deal with new system characteristics and to cope with the delays associated with the longer transfer lines. To address these challenges, it was decided at CERN to develop a numerical tool capable of simulating the behaviour of 2PACL cooling systems in steady-state and transient conditions. Intended applications of the tool are: (1) to study the behaviour of different design alternatives quickly and inexpensively, (2) to study different control methodologies, and (3) to provide a digital twin for use in training plant operators and carrying out virtual commissioning.
Simulations of multiphase pumped-loop systems have not been widely studied in literature. To the best of the authors' knowledge, the only work in literature dealing with this topic is by van Gerner and Braaksma [5] (and a later Master's thesis by Bolder [6] on an R134-A system). A CO 2 -based multiphase pumped loop setup was tested. The authors developed component models and implemented a predictor-corrector solution scheme to solve the governing mathematical equations. They studied the cases of suddenly increasing and suddenly decreasing evaporator heat load and compared their simulation results against measured data. The simulations matched well with the experimental measurements. In our work, however, some additional transients must also be studied. In addition, the developed models must be easily amenable to the study of different control methodologies. Thus, it has been decided to develop the tool in an established Among the several modelling tools currently available, EcosimPro (https://www.ecosimpro.com) has been selected for this particular application. EcosimPro is a general-purpose simulation tool capable of modelling complex physical process represented in terms of ordinary differential equations and differential algebraic equations. At CERN, EcosimPro has been successfully used in the past for Cryogenic systems to perform each of the aforementioned tasks: for system design [7] , for system commissioning [8] , and for operator training [9] . To benefit from this existing experience within CERN with Ecosimpro, the software has been adopted for modelling 2PACL cooling systems.
Nomenclature Symbols
The main objectives of this paper are: (1) to present the EcosimPro simulation tool developed at CERN for 2PACL cooling systems, and (2) to validate the simulation tool using experimental data generated with a purpose-built, 2PACL-representative test setup. Even though the focus here is on 2PACL cooling systems, the practical relevance of the work goes beyond this particular architecture, and the present results are of interest for all CO 2 -based detector cooling systems.
After a brief description of 2PACL systems and relevant operational transients, provided in Section 2, the simulation tool is presented in Section 3, the experimental setup is described in Section 4, while Section 5 contains the results and related discussion.
2PACL system description
A schematic diagram of a 2PACL cooling system is shown in Fig. 1 , along with a pressure-enthalpy diagram of CO 2 depicting the operating principle. 2PACL systems exploit the fact that, when fluid systems operate in two-phase flow conditions, the pressure and temperature of the working fluid are not independent thermodynamic variables, but instead are coupled together so that fixing one automatically determines the other. This is visible in the pressure-enthalpy diagram of CO 2 shown in Fig. 1 (right) , where the temperature isotherms are horizontal lines in the two-phase region (i.e. within the dome below the saturation line). The horizontal isothermal lines indicate that, for a given pressure, there is a given saturation temperature. On a practical level, this means that by controlling the pressure of a two-phase evaporator, it is possible to completely determine the evaporation temperature. This principle underpins the design of 2PACL cooling systems, where the evaporator temperature is determined by controlling the system operating pressure.
The secondary cooling loop of the 2PACL system (shown in black in Fig. 1 ) comprises a condenser, a constant mass flow rate circulation pump, a recuperator tube-in-tube heat exchanger, an evaporator (connected to the thermal load), and an accumulator tank (equipped with a cartridge heater and a cooling coil). The chiller loop (shown in grey in Fig. 1 ) absorbs the heat rejected at the condenser and cools the accumulator to reduce the operating pressure, as explained in the next paragraph.
Subcooled liquid CO 2 leaves the condenser (state point 1 in Fig. 1 ) and enters the pump where it is pressurized (state point 2) and directed to the recuperator heat exchanger, where it is heated up to the evaporator temperature (state point 3). The saturated liquid CO 2 then expands in the expansion valve and enters the evaporator in saturated liquid conditions (state point 4), where it gradually evaporates absorbing heat from the detector electronics and sensors. The evaporation is not complete, so that CO 2 exits the evaporator as a two-phase flow (state point 5) that is partially condensed in the recuperator heat exchanger (state point 6) and then fully condensed and subcooled in the condenser (state point 1). Thus, in a typical 2PACL system, the CO 2 is in liquid state from the outlet of the condenser to the inlet of the expansion valve, and is in two-phase state in the evaporator, the return of the transfer line, and the condenser. The recuperator heat exchanger is a long, tube-in-tube unit that also serves as the transfer line between the plant and the evaporator tubes located within the detector.
The pressure of the CO 2 while in two-phase flow conditions is controlled by the accumulator. Inside the accumulator, a two-phase mixture of CO 2 is always present. Liquid CO 2 in the accumulator can be heated and therefore partly evaporated using the cartridge heater. This raises the vapour pressure inside the accumulator, which in turn pushes out liquid CO 2 into the loop, therefore increasing the loop pressure and the evaporator temperature. The inverse happens when vapour CO 2 in the accumulator is cooled, and therefore partly condensed. The cooling action is performed by a spiral coil heat exchanger located inside the accumulator and fed by the chiller loop as shown in Fig. 1 . Alternatively, a brazed-plate heat exchanger can be installed atop the accumulator and connected to it using inlet and outlet tubes (not shown in Fig. 1 ), but this design alternative is not further considered here. Thus, as previously stated, controlling the accumulator pressure will determine the saturation temperature, and therefore the operating temperature of the evaporator. The chiller here is a typical vapour compression system consisting of a compressor, condenser, expansion device and evaporator. A more detailed description of the 2PACL concept can be found in Petagna et al. [10] .
Operating scenarios
Three transient scenarios are commonly encountered during reallife detector operation:
• System startup • Evaporator load change • Evaporator set-point change In this section, these are briefly discussed for 2PACL systems. Understanding the behaviour of the system in each one of these scenarios is important since it will inform the design of the dynamic simulation tool.
System startup
If the system stays in off-mode for a long time, the CO 2 inside the detector loops will reach the saturation temperature at ambient conditions. The static vapour quality of the CO 2 in the system is not precisely known (i.e. how much of the CO 2 present will be in the liquid state, and how much in the vapour state), however the system conditions will be somewhere along the room-temperature isotherm in the two-phase region. This is shown as state point A1 (green square marker) in Fig. 2 .
The initial goal at system startup is to ensure the complete liquefaction of the CO 2 present so that no vapour can enter the pump. Vapour bubbles cause cavitation damage to the valve seats and the Teflon membrane of the pump head and thus must be avoided.
At startup, the pressure in the accumulator is raised until it is very close to the CO 2 critical pressure of 73.9 bar (31.1 • C). The cartridge heater is mounted at the bottom of the accumulator vessel where the liquid settles under gravity. This liquid is heated and evaporates, becoming vapour and raising the vapour pressure. This higher pressure then pushes out liquid (which is saturated at 20 • C -assuming an ambient temperature of 20 • C) into the loop. This, in turn, decreases the refrigerant mass fraction (the ratio of the mass of vapour to the mass of total fluid) inside the loop, moving the state point A1 to the left along the isotherm (since, as noted, the refrigerant being added to the loop is still at 20 • C). Once the loop is fully liquefied, it begins to move along the isotherm to state point A2 shown in Fig. 2 .
To ensure that sufficient subcooling is present at the pump inlet, the chiller may be switched on to further cool the fluid at the inlet. Once sufficient subcooling is obtained, the pump circulation can begin (stage B in the figure). The pump inlet and outlet (state points 1 and 2) are cooled to low temperatures by the chiller, while the evaporator stays at the room temperature (state point 4 and 5). At this stage, points 4 and 5 are overlapping since no heat load is applied. As the accumulator cooling proceeds, the state point 4 (green square marker) drops to saturation state (stage C). Hereafter, the fluid inside the evaporator loops will be saturated, and further temperature lowering will proceed along the dotted line shown in Fig. 2 until the system reaches the userspecified set point temperature at stage D (−20 • C in this case). Finally, the heat load to the evaporator (i.e. the detector electronics) can be turned on, with the evaporator outlet condition being shown as State 5 in stage E.
Evaporator set point change
During the system operation, it may be necessary to either raise or lower the temperature of the detector. This is achieved through heating or cooling the accumulator respectively. As a representative example, the case of an increase in set-point is discussed here. Fig. 3 shows a schematic diagram of the operation. Initially, the system is at a steady state, assumed here to be −20 • C evaporation temperature for illustration, as represented by stage A. It is further assumed that a set point change to 0 • C is requested. The accumulator PID controller responds to the user's set-point change request by turning the heater on. The heater causes an evaporation of the CO 2 inside the accumulator, creating additional vapour and, thus, increasing the pressure of the vapour phase. The increased vapour pressure pushes liquid CO 2 out from the accumulator into the detector loop, causing an increase of the system pressure (and temperature). This heating is continued until the new set point is achieved, shown in stage B. The inverse of this process occurs when a reduction in the evaporation temperature is requested.
Evaporator load change
Once the system is operating in steady state, a step change in the thermal load of the evaporator may be encountered (either an increase or decrease). The case of a sudden increase of the load is discussed here as a representative example. The steady state operation is shown in Figs. 4 and 5 (stage A). During steady state, a relatively low amount of vapour is generated inside the evaporator, shown as a relatively dark-shaded evaporator in stage A.
When the load is suddenly increased, the vapour quality inside the evaporator increases (shown in stage B as the increase of the lighter shade). Now, the pump imposes a constant mass flow rate on the system, that is, the kilogrammes per second of fluid flowing across any cross-section is constant. Due to the lower density of the vapour (vs the liquid), the CO 2 vapour phase will flow much faster than the liquid to maintain a given mass flow rate. This faster vapour front pushes the liquid flow that is downstream of it. Since the faster fluid cannot flow through the pump (because it operates at constant mass flow rate) the excess liquid is forced into the accumulator, causing a rise in the liquid level and a consequent rise in saturation temperature/pressure. At this point, the accumulator PID controller triggers to counteract the pressure increase and maintain the temperature set-point by cooling down the accumulator using the spiral coil heat exchanger, seen in stage C. Finally, a new steady state is reached, and the system runs at the user-selected temperature under the new heat load and with a greater fill-level of the accumulator, shown as stage D.
Conversely, if a sudden load decrease is encountered, the amount of vapour generated decreases. In this case, the liquid downstream of the detector decelerates. Since the pump is still circulating the same flow rate as before, this creates a depletion of fluid on the return line that must be compensated for by fluid from the accumulator. This causes a drop in the accumulator liquid level, and thus a drop in the saturation pressure. This effect must thus be counteracted by heating up the accumulator to maintain constant saturation pressure.
The effects of a load change are shown in terms of a P-h diagram in Fig. 5 . It is seen that at the final stage (stage D), the system returns to a steady-state with a higher vapour quality than before at the evaporator outlet.
Mathematical modelling
Three partial differential equations (PDEs) govern fluid flow in thermo-fluid systems: the mass conservation equation, the energy conservation equation and the momentum equation. These equations are combined with constitutive equations for calculating heat transfer coefficients and pressure drops which provide the necessary closure relations. In applying these equations, the following assumptions are adopted:
• The flow is treated as 1-dimensional (rather common in thermofluid system analysis and adequate for the present application); • The refrigerant is a Newtonian fluid (acceptable for CO 2 ); • Heat conduction within the flow in the axial and radial directions is neglected (valid in convection-dominant pipe flows with a Peclet number greater than 1, as is the case here); • Viscous heating is neglected (estimated to be negligible at the conditions of interest here); • Kinetic and potential energy variations are not taken into account (estimated to be of second order importance in the present case).
With these assumptions, which are typical in the dynamic modelling of fluid systems, the mass, momentum and energy equations can be written as shown in Eqs. (1)-(3) [11] :
Here, t represents time, x is the one-dimensional coordinate, is the fluid density, v represents the fluid velocity, A represents the crosssectional area, P is the fluid pressure, is the frictional pressure drop, V is the fluid volume, h is the specific density-weighted enthalpy and u is the specific internal energy.
Pressure and specific enthalpy are selected as state variables to discretize the governing equations. Selecting specific enthalpy as a state variable provides an intuitive understanding of the fluid phase through the pressure-enthalpy diagram. It also provides a straightforward method for incorporating two-phase flow as discussed in the next section. The mass and energy equations are then written as shown in Eqs. (4) and (5).
Here, i is the index for the thermal cells, while j is the index for flow cells which are described in Fig. 6 . h represents the specific densityweighted enthalpy,ṁ is the mass flow rate while represents the enthalpy flow rate, which is calculated using the upwind scheme, as shown in Eq. (6) .
It is well known that the three partial differential equations of fluid flow are tightly coupled and constitute a stiff system of differential equations that is challenging for numerical solvers to handle, since stiffness forces the solver to take small steps in time to guarantee convergence. To alleviate this issue, the well-known staggered grid scheme [11] has been used to decouple the momentum equation from the mass and energy balance equations, shown in Fig. 6 . In this method, the mass and energy balance equations are solved on the thermal grid, while the momentum equation is solved on the momentum grid (dashed boxes in Fig. 6 ) offset from the thermal grid by half a cell-width.
Regarding the momentum equation, Zhang et al. [12] compared three forms of the equation for the case of residential heat pump units: no pressure drop, a steady-state form and the full transient form. They concluded that the results of the steady state form closely match those obtained with the more complex transient form of the equation. This indicates that, in such two-phase systems, the thermal dynamics of the two-phase fluid are much more significant than the momentum dynamics. The fluid physics governing the 2PACL systems closely matches that of vapour compression systems, and thus the steady state form of the momentum equation has been adopted also in the present case. In particular, the user-provided nominal values are used to calculate the pressure drop using the method of Wetter et al. [13] :
Here, dP 0 represents the nominal pressure drop for a nominal mass flow rateṁ 0 . Refrigerant properties are calculated using lookup tables. While lookup tables offer a slightly reduced accuracy (on the order of a few percent) in comparison to using the full or simplified equations of states, or interpolating polynomials, the large benefit in simulation speed justify the use of such tables in complex systems involving many different components.
Modelling two-phase flow
The equations presented and discussed in the previous section are valid for single-phase flow. In silicon detector cooling systems, the two-phase evaporation and condensation of the working fluids play a central role in dictating the thermal dynamics of both the primary chiller and the secondary 2PACL CO 2 loop, and therefore the modelling of two-phase flow is critical.
The simplest method of handling two-phase flow is to model it as a homogeneous fluid, with averaged thermo-physical properties within the control volume. In this case, the liquid and the vapour are assumed to flow at the same velocity. Such an assumption is reasonable for wellmixed two-phase flows such as mist flow (small droplets dispersed in a continuous vapour phase) or bubbly flow (small bubbles dispersed in a continuous liquid phase), but is not adequate for separated flow regimes such as the annular flow regime (a thin liquid film dragged along the tube wall by a faster vapour core flowing in the centre of the tube), which is targeted in 2PACL systems for its high heat transfer coefficient and smooth operation.
Several previous studies have demonstrated the pitfalls associated with adopting the homogeneous assumption. Kaern et al. [14] demonstrated that when the homogeneous flow assumption is used for separated regimes such as annular flows, the transients predicted are overly fast and the system charge is under-predicted. Similar results were obtained by Laughman et al. [15] on a Flash Tank Vapour Injection (FTVI) cycle. In a previous paper [16] , we compared models developed in EcosimPro which accounted for two-phase flow against a library developed in Dymola using the homogeneous assumption. The results for both libraries were compared against measured data. The homogeneous models could only account for 52% of the system charge while the heterogeneous models could account for 71% of the charge. Thus, to model two-phase flow, the modelling method adopted here is based on the work of Laughman et al. [15] which involves the relaxation of the assumption of equal velocities of both the fluid phases. The method distinguishes between two different forms of enthalpy: the flow-weighted enthalpy (ĥ) and the density-weighted enthalpy (h). The density-weighted enthalpy, in particular, is employed as the state variable. The method also distinguishes between two different forms of the vapour quality: the flow vapour quality and static vapour quality. The flow vapour quality is the ratio of the flow rates of the two phases, while the static vapour quality is the ratio of the masses of the phases (in a given control volume). The first step is the calculation of the slip-ratio, which is defined as the ratio of the velocity of the vapour phase to the velocity of the liquid phase. This is calculated here using the method of Zivi [17] , which among those proposed in the literature (as discussed for example by Butterworth [18] ) is particularly simple though reasonably accurate. According to Zivi [14] , the slip ratio is predicted as shown in Eq. (8).
where S is the slip-ratio, while the subscripts g and l denote gas and liquid phases. The slip-ratio is used in Eq. (9) to evaluate the flow vapour quality (̂).
Here, K is an empirical constant [15] . The flow vapour quality is then used to calculate a correction term for the enthalpy as shown in Eq. (10) . Finally, the flow-weighted enthalpy is calculated as per Eq. (11) .
Here,ĥ is the flow weighted enthalpy, while h is the density weighted enthalpy. ℎ represents the correction factor.
In the case of single-phase flow, the enthalpy correction term reduces to zero, and the flow weighted enthalpy matches the densityweighted enthalpy, so that the present method for two-phase flow is asymptotically consistent with single-phase flow, a considerable advantage for numerical modelling.
Component models
The models described in the previous section represent the general governing equations. These equations need to be incorporated into actual component models that correspond to those used in the real system. Specifically, the following component models need to be developed:
• Pumps/Compressors • Valves • Heat Exchangers • Accumulators • Piping
Pumps/compressors
Pumps and compressors represent the prime fluid movers of 2PACL systems, pumps being used in the secondary CO 2 loops and compressors used in the primary chiller loops. Both components are modelled using similar equations. The mass flow rate transients are considered to be fast enough that a quasi-steady state model may be assumed to be sufficiently accurate, and transient effects within pumps and compressors can therefore be neglected. The mass flow rate is thus calculated as shown in Eq. (12).
where represents the displacement volume, in is the density of the inlet fluid, and vol represents the volumetric efficiency (available from the component datasheet). RPM is the rotational speed of the compressor. The outlet enthalpy is calculated as a function of the isentropic efficiency, as shown in Eq. (13) .
where, h s represents the isentropic outlet enthalpy and ise is the isentropic efficiency which is derived from data provided by the manufacturer. The compressors and pumps in 2PACL systems typically operate at fixed speed which do not alter after system startup. The assumption of constant isentropic efficiency, taken at the steady-state condition, is therefore sufficient for this case. 
Valves
Valves are also treated as quasi-steady state components in the simulations. The standard orifice equation is used to determine the mass flow rate through the valve, as shown in Eq. (14) .
Here, C v represents the flow coefficient (typically provided by the manufacturer), and A represents the throat area, which may be constant or controllable depending on the valve design. The Mach number in the current simulations never exceeds 0.1 and therefore the compressibility effects can be ignored. Thus, sonic flow is not a concern in the present case and has not been modelled.
Heat exchangers
Two different type of heat exchangers are modelled in the current systems: tube-fin heat exchangers and concentric tube heat exchangers.
The tube-fin heat exchangers are modelled as three separate sections: (1) the refrigerant side, (2) the tube and fins, and (3) the air side, with a cross-flow between the air side and the refrigerant side, as shown in Fig. 7 . The refrigerant side heat transfer equations are the same as those for a discretized fluid stream. Humidity is neglected in air-side calculations. The governing equations for the air side are described in [19] and are omitted here for the sake of brevity. The tube and fins are modelled as a uniform substance with averaged physical properties. The difference between the air-side and the refrigerant side heat transfer causes a change in the tube/fin wall temperature, which is calculated as shown in Eq. (15) .
where C represents the combined heat capacity of the thermal wall, T is the refrigerant temperature and Tw is the wall temperature. Q ref and represent the heat transfer from the refrigerant to the wall and from the wall to the ambient air.
The concentric tube heat exchangers are modelled as discretized counterflow streams of fluid with a metal wall between them. The outer stream has annular geometry, while the inner stream has cylindrical geometry (see Fig. 8 ). The heat transfer in this case is similar to the fin-tube heat exchanger, except that instead of the air, the fluid on both sides of the thermal wall is CO 2 . Thus, for the refrigerant control volumes, Eqs. (4)-(7) are adopted, while for the annular metal wall separating the two streams, Eq. (15) is used to establish an energy balance, except that the and terms are replaced by and . Steady-state heat transfer coefficients are calculated for the liquid, vapour and two-phase regions (both boiling and condensation) using well-established correlations adopted in refrigeration and a simplified adjustment for variations in mass flow rate is used as shown in Eq. (17).
Here, 0 represents the steady-state heat transfer coefficient calculated at the steady state mass flow ratė0 ⋅ is the corrected heat transfer coefficient. The different heat transfer coefficient prediction methods used are summarized in Table 1 . These correlations, all well-known in the heat transfer literature, have been chosen for their reasonable accuracy and ease of implementation, this latter of critical importance in a complex dynamic simulation model.
Accumulators
The accumulators are large cylindrical vessels with multiple inlet and outlet ports. They are used in the primary chiller loop as suctionline accumulators to prevent liquid from entering the compressor, and also as liquid-line receivers to ensure that only liquid refrigerant enters the condenser. In the secondary 2PACL loop, they dictate the pressure of the system as discussed in Section 2.
These components are modelled as lumped volumes with homogeneous thermodynamic properties. The liquid level is calculated using Eq. (16).
Here, represents the liquid level while represents the height of the accumulator vessel itself.
The outlet-port fluid phase is determined using the liquid level and the height of the outlet port . If the liquid level is above the height of the outlet port, the outlet fluid is liquid, and it is in vapour phase if the height is below. In case of partial submersion, a spline interpolation is used to determine the enthalpy of fluid at the outlet port. A schematic of the model is shown in Fig. 9 .
Piping
Piping in thermofluid systems often holds a significant percentage of refrigerant charge which affects the transients of the system. Thus, Fig. 8 . Internal heat exchanger cross-sectional schematic and front-view.
it is essential to account for the piping lengths in the model. Pipe components are modelled by dividing the component into the refrigerant stream and the thermal wall. These subcomponents are further discretized into equal-sized control volumes. The three governing conservation equations for discretized control volumes (Eqs. (4), (5) and (7) ) are applied to the refrigerant stream in the same manner as that for heat exchangers. The thermal wall is also modelled in a manner similar to the heat exchangers, although the heat transfer to ambient air is neglected since, in practice, the pipes are always well-insulated.
Experimental test setup
In order to validate the present dynamic simulation tool, and in particular its capability of capturing the response of a real detector cooling system during critical transient scenarios, the tool has been applied to simulate a dedicated and purpose-built experimental test bench. The CO 2 Research Apparatus (CORA) [25] is a test bench designed and realized at CERN to study the behaviour of 2PACL systems. The CORA system represents a complete implementation of the plants that are used in the actual detectors themselves, but is a laboratory setup to assist in R&D activities related to the development of future cooling systems. CORA is a two-stage system, with the thermal load being cooled by CO 2 in a 2PACL configuration, and the CO 2 cooled in turn by an R-404A based primary vapour compression chiller. The system is capable of dissipating up to 2 kW of thermal load at an evaporation temperature as low as −30 • C. The cooling plant is shown in Fig. 10 . A schematic of the different components is given in Fig. 11 . The blue box shows the location of the mass flow metre at the pump outlet. The blue crosses show the positions of the temperature and pressure sensors mounted on crosses. It can be seen that the properties are measured at the inlet and outlet of all the major components on the CO 2 loop.
A large accumulator vessel contains a two-phase mixture of CO 2 . The CO 2 may be heated using a cartridge heater installed at the bottom of the vessel in a thermosyphon orientation. To cool the CO 2 , a spiral coil heat exchanger is installed inside the vessel, where R-404A refrigerant from the chiller is flown. The mass flow rate to the coil heat exchanger is controlled using a Pulse-Width Modulated (PWM) valve. Pulse-width control works by modulating an on-off signal for a given time period. For instance, a 50% open signal is propagated as an Onsignal for 50% of the time period, and an Off-signal for the remaining 50% of the time period.
The chiller is an R-404A vapour compression system. It uses a single stage semi-hermetic compressor. The condenser is a fin-tube heat exchanger with two fans. A liquid receiver and a suction-line accumulator are both used. The expansion device for the CO 2 condenser is a Thermostatic Expansion Valve (TXV). Such valves control the refrigerant superheating using a diaphragm that is opened or closed depending on the pressure at the outlet of the evaporator. For the accumulator cooling spiral, a PWM-controlled needle valve is used. A capacity regulation valve is employed in a hot-gas-bypass role to provide a 'dummy' load to the chiller when there is inadequate thermal load from the secondary CO 2 loop.
The long concentric heat exchangers typical of the long transfer lines of detectors installed inside the experiments are in this case substituted by a Brazed Plate Heat Exchanger (BPHX). Such heat exchangers have a series of corrugated thin metal plates, with the two refrigerant streams flowing in alternating plates and in alternating up and down directions. These heat exchangers offer good heat transfer coefficients in very compact packages.
The test bench is equipped with two Coriolis mass flow metres,with measurement accuracies of within 1% across the flow range. The larger sensor can measure maximum flows of up to 130 kg/h (approximately 36 g/s) while the smaller unit can measure up to 20 kg/h (around 7 g/s). The accuracies are worst at low flow rates, but improve to within 0.1% of read value at flow rates greater than 10% of maximum flow.
For the present work, dedicated pressure and temperature sensors have been installed at the inlet and outlet of each component. Using the two properties, the thermodynamic state point can be obtained for all single-phase conditions. In-flow measurements of temperatures were preferred over on-tube sensors to ensure that the measurements are not affected by the thermal inertia of the tube. The sensors were therefore mounted on Crosses installed along the piping, with the pressure sensor on top and the temperature sensor on the bottom. Such a configuration ensures that, in the case of two-phase flow, the pressure readings are not affected by a static column of liquid.
The pressure sensors used are Druck absolute pressure sensors with an accuracy of ±0.1% of full scale measurement (with a pressure range of 0-150 bar). For temperature measurements, class-A PT100 sensors have been selected, corresponding to an error on the saturation temperature of within a maximum of ±0.25 • C in the range of −50 • C to +50 • C, well-suited for the present application.
Model implementation
The Cryolib library [7] in EcosimPro has been used as a starting point for the current library. As previously discussed, Cryolib has been extensively used at CERN to inform all aspects of system development.
To benefit from the experience of Cryolib within CERN, several aspects of the library have been adopted. In particular, the port design has been used. Port connectors consist of thermodynamic variables that are exchanged between components that completely define the component state. Properly defined port connectors satisfy the governing equations and can be used to flexibly construct splitting and merging flows as well as handle reverse flows. In addition to the port connectors, the fluid property calculations have also been adopted from Cryolib. The library uses lookup tables to calculate fluid properties in the single phase, two-phase and transcritical regions. Lookup tables provide the fastest method for calculating refrigerant properties, with adequate accuracy which is important for the control-related objective of faster-than-real-time simulations.
The chiller compressor is a Bitzer single stage semi-hermetic reciprocating compressor with a variable frequency drive. Manufacturerprovided data at the operating conditions are used to evaluate the isentropic, volumetric and mechanical efficiencies of the unit. The chiller condenser is a fin-tube heat exchanger. The geometry details of the heat exchanger are listed in Table 2 .
The thermostatic expansion valve is modelled by considering a force-balance on the diaphragm. Details of this model may be found in Ling et al. [19] The pump is modelled using geometrical parameters of pump displacement and motor RPM coupled with gear reductions. The pump stroke length is in principle adjustable, but has been kept constant during all of the experimental measurements.
The plate fin heat exchangers are provided by Alfa Laval for the internal heat exchanger and SWEP for the CO 2 condenser. These components are modelled using a simplified finite volume method, assuming a counterflow arrangement of the two streams, similar to the concentric tube heat exchanger model described in Section 3.2.3. Geometry details such as internal volume and heat transfer area are provided by manufacturer datasheets. The workstation used was a Windows 7 machine running an Intel Core i7-6700 CPU with 8 GB of RAM. DASSL [27] was used as the DAE solver, with the relative error and tolerance set to 1E−04. 
Results and discussion
The three operational modes described previously in Section 2.1 (system startup, set-point change, and load change) were simulated using the modelling tool presented. The startup and temperature setpoint change were also tested using the CORA plant. Simulation results are compared with the measured data and critically discussed in this section.
The measured data consists of pressures, temperatures and mass flow rates. The measurement errors in these values have not been shown in the figure since they are too small to be visible on the plots.
System startup
System startup transients have several impacts on detector operation. The most significant is that it informs the detectors that stable operating conditions have been achieved and that they may be powered on. In this case, a startup after a long duration of off-mode has been simulated. The cooling system was placed in an air-conditioned laboratory, and thus the ambient temperature was precisely controlled. After a long duration in the lab, the refrigerant is warmed to ambient conditions. In the current study, this corresponds to 20 • C (around 58 bar saturation pressure).
Details of the startup process have been previously described and are not repeated here. The comparison of the simulations and experimental measurements are given in Figs. 13-15 . It can be seen that, overall, the simulated transients match the experimental measurements closely. In particular, the initial heating of the accumulator corresponds well to the real data and, thus, the pump startup time (around 875 s) is well predicted.
The CO 2 -loop pressures and temperatures are compared in Fig. 13 . It is seen that, once the accumulator temperature has stabilised, the pump inlet/outlet temperatures decrease further. This is due to the fact that, while the accumulator is cooling down, part of the chiller capacity is directed to the accumulator. Once the accumulator cooling is complete, this capacity is redirected to the CO 2 condenser. The evaporator temperatures and the pump mass flow rate are compared in Fig. 14. The pump mass flow rate is very stable throughout the startup process. The initial oscillations in the experimental values can be explained by the presence of some two-phase fluid at the pump outlet.
It is seen that the simulated heater temperature has some discrepancy when compared to the measured data. The difficulty in knowing the location of the temperature thermocouple within the cartridge heater (and along its length), combined with the use of a radiallylumped model of the cartridge heater (discretized only along the axial length) contribute to the discrepancy. These discrepancies are of minor concern, however, since the absolute temperature values are of less significance than the trends, which have been captured fairly well. This is evidenced by the similarity between the simulations and measured data in the time taken to go through the different stages of the startup sequence. The R-404A data are compared in Fig. 15 . It is seen that the suction pressure and the temperatures are well predicted. The superheat at the evaporator outlet is also well predicted, which is approximately the difference between the inlet and outlet temperatures.
Temperature set-point step change
Both the raising and lowering of the temperature set-point have been compared in this study. When the set-point is raised, the accumulator is heated up to push refrigerant out into the loop and increase the evaporator pressure. Inversely, a decrease of the temperature setpoint triggers a cooling of the accumulator refrigerant, causing CO 2 to be extracted out of the loop into the accumulator. The case of set-point increase is shown in Fig. 16 .
In this case, the heating action is performed by the cartridge heater and thus the chiller capacities remain unaffected. The cartridge heater creates a large amount of vapour inside the accumulator, which raises the accumulator pressure and pushes out liquid CO 2 into the CO 2 loop. This subsequently causes a rise in the pressure of the evaporator itself, causing a rise in the detector pressure, seen as the rise in the Heater Wall temperature in Fig. 17(a) .
The discrepancy between the measured and simulated heater wall temperatures are caused by the same reasons as those discussed in Section 5.1. It is unknown where along the length of the heater and where in the axial coordinate the thermocouple is located. This is combined with the fact that the heater is modelled as a one-dimensional component in the current simulation, leading to averaged temperatures in the radial direction. By contrast, the thermocouple is likely located near the hottest part of the heater for safety considerations.
The exact value of the heater temperature, however, is immaterial in the current work since the objective is not to reproduce the temperature with great accuracy, but instead to be able to capture relevant transient trends in different dynamic scenarios.
The results of the set-point decrease case are more interesting. These are shown in Fig. 17 .
In this condition, the set point is originally at −10 • C and is decreased down to −20 • C. It is seen that, as the flow in the chiller is diverted to the accumulator, the cooling capacity available at the original decreases. This is seen in the dotted black line (Evaporator Capacity) in Fig. 17 . Due to this reduced capacity, the chiller is unable to cool the refrigerant at the pump inlet to the same extent as before, and a slow increase of the pump inlet and outlet temperatures is witnessed. The refrigerant temperature in the CO 2 cycle, however, is not affected by this change due to the presence of the internal heat exchanger.
It is also seen that the chiller compressor power consumption increases due to the additional thermal load on the system, and the condenser cooling capacity increases correspondingly.
Evaporator cooling load step change
For the load change condition, only the simulation results are shown since the condition simulated involves a heat load larger than what the test-setup can deliver.
The heat load provided by the detector can change during operation due to the switching on or off of electronics. Such changes must be accounted for to ensure that the temperature of the electronics remains stable over time. The case of an increase of heat load is considered here. Fig. 18 shows the change of the heat load from 100% (2 kW) to 150% at 25 000 s. The increased heat load increases the outlet vapour quality of the detector significantly, as seen in Fig. 18(a) . The increased heat load affects the chiller performance, and thus the CO 2 can no longer be cooled to temperatures as low as before. This can be seen as an increase in the Pump Outlet temperature in Fig. 18(b) . It may be seen, also, that the Accumulator temperature remains unaffected. This is a desirable outcome since the accumulator dictates the evaporator temperature, and should not experience thermal shocks.
It is worth noting that such simulations can be used to iterate between design alternatives and component sizing. For instance, in this particular situation, it may be illuminating to reduce the size of the accumulator until large changes begin to be observed in the accumulator saturation temperature. In this manner, one may be able to determine an optimum design for the vessel. Furthermore, the simulations may be used to study parameters that are not easily measured, such as the vapour quality in different components, as well as the mass flow rates in the two-phase return line (the difficulties involved in measuring twophase mass flow rates are well known). The models developed in this study are being employed to do such kinds of exercises, and will be useful in designing the next generation of cooling systems.
Concluding remarks
The next generation of Silicon detector cooling systems to be installed at CERN will require a significant upgrade of the 2PACL architecture to meet with the challenges of lower evaporation temperatures, larger cooling loads, and a large number of evaporator tubes operated in parallel. Dynamic modelling and simulation will play a key role for reliable, safe and time-efficient evaluation of the mechanical design alternatives, as well as for the development of appropriate control strategies. This paper presented the numerical simulation tool developed at CERN to simulate 2PACL cooling systems, using the object-oriented physical-modelling platform EcosimPro. The finite volume method has been used to discretize the control volumes, whilst two-phase flow, which significantly impacts the system transients, has been accounted for using slip-ratio based correlations. Reliable heat transfer coefficient correlations have been implemented for the entire fluid domain of interest. The numerical tool has been validated by comparing its predictions with measurements generated with a purpose-built test setup, which is representative of 2PACL systems, focusing in particular on three critical transient scenarios: the system startup, a temperature set-point step change, and cooling load step change. Overall, measurements and predictions are in good agreement. The numerical simulation tool is presently being used at CERN to inform the design of not-yet-existing cooling systems for the next generation of Silicon tracking detectors, which will be installed during the next phase of LHC upgrades.
